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Abstract. Extensions of the MSSM generically feature gauge singlet Higgs bosons. These singlet 
Higgs bosons have tan /3-enhanced Yukawa couplings to down-type quarks and leptons at the one- 
loop level. We present an effective Lagrangian incorporating these Yukawa couplings and use it to 
study their effect on singlet Higgs boson phenomenology within both the mnSSM and NMSSM. It 
is found that the loop- induced couplings represent an appreciable effect for the singlet pseudoscalar 
in particular, and may dominate its decay modes in some regions of parameter space. 

PACS. I2.60.Jv Supersymmetric models - I4.80.Cp Non-standard-model Higgs bosons 



1 Introduction 



1^2 



The Minimal Supersymmetric Standard Model (MSSM) 
is a well-motivated extension of the Standard Model 
of particle physics (SM), which provides a technical 
solution to the gauge hierarchy problem. The model is 
minimal in the sense that it includes only those terms 
in the superpotential which arc phcnomenologically re- 
quired, namely the Yukawa couplings h„, h^, he and a 
Higgs mass term fi. 

One theoretical weakness of the MSSM is the so- 
called //-problem [TK2] . In order to achieve a successful 
electroweak symmetry breaking scheme, the //-parameter 
describing the mixing of the two Higgs superfields in 
the superpotential, i.e. fiHuHd, must be of the or- 
der of the soft SUSY-breaking scale AfsusY ^ 1 TeV. 
Within the context of supergravity (SUGRA), the fi- 
parameter is not in general protected from gravity ef- 
fects, and is expected to be of the order the Planck 
scale Mpi. 

A natural solution to the /i-problem may be ob- 
tained by extending the MSSM to include a third Higgs 
superfield S, which is a singlet under the SM gauge 
group, and replacing the //-term in the superpotential 
by XSHuHd- When supersymmetry is softly broken, 
the scalar component S* of S' generically acquires a vac- 
uum expectation value (VEV) of order Msusy, giving 
rise to an effective //-term of the required order. 

The superpotential of such a singlet extension of 
the MSSM exhibits an unwanted global Peccei-Quinn 
(PQ) symmetry {7(1)pq, unless further additions or as- 
sumptions are made to the model. The PQ symmetry 
must be explicitly broken above the electroweak scale 
to avoid the appearance of visible axions after sponta- 
neous symmetry breaking. Several models have been 
proposed in the literature based on different choices 
of discrete and gauged symmetries to break the PQ 
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Fig. 1. The dominant contribution to the inhomogenious 
coupling (j>2bb in the MSSM at large tan/3. 



symmetry [2], including the Next-to-Minimal Super- 
symmetric SM (NMSSM) p5], the minimal nonmini- 
mal Supersymmetric SM (mnSSM) g] and the 11(1)'- 
extended Supersymmetric SM (UMSSM)[5]. 

A common feature of all these models is that the 
singlet Higgs boson has no tree level couplings to SM 
fermions or gauge bosons. It has long been known [51 
7J that within the MSSM, threshold corrections to the 
Yukawa couplings to b quarks and r leptons can be- 
come significant in the limit of large tan /3, where tan (3 
is the ratio of the two Higgs VEVs. This enhancement 
partially overcomes the loop suppression factor, and 
in regions where mixing between the Higgs particles 
is negligible, the one-loop correction can dominate the 
Hi bb decay width 0. The dominant contribution 
to the inhomogenous coupling (j)2bb is shown in Fig.[TJ 

An analogous tan /3 enhanced Yukawa coupling for 
the singlet Higgs boson is generated at one-loop through 
sfermion-gaugino loops in singlet extension^ of the MSSM 

The dominant contribution to the (fisbb coupling is 
shown in Fig. [2l These effective couplings can be sig- 
nificant, e.g. of order the SM Yukawa couplings, and 
in the limit where the doublet decouples from the 
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Fig. 2. Tlie dominant contribution to the coupling (psbb in 
singlet extensions of the MSSM at large tan (3, analogous 
to the MSSM graph of Fig[l\ 



low energy spectrum, they can provide the dominant 
decay mechanism for hght singlets. 

2 Effective Lagrangian framework 

The general effective Lagrangian for the self-energy 
transition — > fa in the nonvanishing Higgs back- 
ground may be written as 



-self 



where ^ = (''^i.a + 0i,2 + iai,2) are the electri- 
cally neutral components of the two Higgs doublets 
Hd.^E and S ^ ^{vs + (j^s + ias) is the singlet Higgs 
field. Here A [<Z>? , <l>^ , S"] is a Coleman- Wienberg type 
functional which encodes the radiative corrections. The 
VEV of the effective Lagrangian — ^Cfoif equal to the 
fermion mass m/, allowing us to substitute for the ef- 
fective Yukawa coupling h f . 

We can use the self-energy effective Lagrangian 
'^soif ^'^ obtain the form of the effective Lagrangian for 
the Higgs boson couplings to the fermion / through 
a Higgs boson low energy theorem p^OlfTT]. Written 
in terms of the physical Higgs eigenstates -ffi,2,3 and 
Ai^2, the effective interaction Lagrangian is 
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where the effective couplings g^ and g^ are given by 

m 
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Here the orthogonal matrix {O ) is related to the 
mixing of the CP-even (CP-odd) scalars and the loop 
corrections are given by the HLET 



^ Here we adopt the convention for the Higgs doublets: 
Hu = ^2, Hd = iT2$i, where T2 is the usual Pauli matrix. 



2.1 One-loop evaluation 

As may be seen from the above discussion, the effective 
low-energy couplings of the Higgs bosons to fermions 
may be calculated from the fermion self-energies. The 
dominant contributions to the b quark self-energy at 
large tan /3 are due to squark-gluino and squark-higgsino 
loops, giving 
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Here /(a, 5, c) is the usual 1-loop integral function 



/(a, 6, c) 



ab\n.{a/b) + bchi{b/c) + ac In (c/a) 
(a ~ b)(b — c)(a — c) 



(7) 

Note that the chargino-mixing matrices V, U are func- 
tionals of 2 and S, as are the sbottom quark masses 
TOjj^ ^ , stop quark masses m^^ ^ and chargino masses 

Similarly, the dominant tan/3 enhanced contribu- 
tion to the T lepton self-energy is due to a stau-chargino 
loop and is easily derived. The effective Yukawa cou- 
plings Zi^'" are obtained as the derivatives of these 
expressions. Note that the presence of the singlet in 
the model does not alter the form of the 1-loop tan/3 
enhanced couplings of the doublet Higgs fields well 
known from the MSSM [13]. 

3 Phenomenology 

As the one-loop couplings of the singlet Higgs boson 
to the b quark and the r lepton become significant at 
large values of tan/3 and A, we shall set tp = 50 and 
fi = -^^vs — 110 GeV throughout our discussion. 
The remaining default values of the SUSY parameters 
for our benchmark scenario, consistent with the con- 
straints from LEP data, are 



300 GeV, 



Ml 



Mr = 110 GeV, 



Ml 



1 Tev, 
: 400 GeV, 



90 GeV, 
Mi = 600 GeV, 
At = 1 TeV, 
M2 = 600 GeV, 



Mf = 200 GeV, 
Ab = 1 TeV, 
M3 = 400 GeV, 



The physical Higgs boson couplings to the b quark 
and T lepton, i.e. i?i,2,3// and ^1^2//, have contribu- 
tions from both the proper vertex interaction, domi- 
nated by the tree-level (/>i coupling, and also the mixing 
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Fig. 3. Masses of the Hi (solid line), H2 (dashed line) and 
Ai (dot-dashed line) bosons in the mnSSM with fi = 110 
GeV, Xts/fJ. = (150 GeV)^ and ml^ = -0.5 TeV^ . The 
values of other soft SUSY-breaking parameters are given 
in Section\^ 



of the fields <f>2,s with (pi. This mixing is a tree level 
effect and is very significant for generic Higgs boson 
mass matrices. Since our interest is to assess the sig- 
nificance of the one loop singlet Higgs vertex effects, we 
focus on variants of the mnSSM and NMSSM where 
the mixing of 0i(ai) with the other scalars is sup- 
pressed. 

Suppressing both the Higgs boson self-energy tran- 
sitions (pi (j)2,s simultaneously is difficult, except 
in the MSSM limit A — *■ with /i fixed, where the 
couplings zij®^"^'' also vanish. Instead we impose a 
constraint on the pseudoscalar mass matrix such that 
(Af|,)j^2 = 0- Although this condition is arbitrarily 
applied here, it is robust against the dominant cor- 
rections to the pseudoscalar mass matrix, which can 
absorbed into the would-be MSSM pseudoscalar mass 
Mfl, and can be generated naturally within certain 
SUSY-breaking scenarios, e.g. [12] . 



3.1 mnSSM results 

The mnSSM is based on the renormalizable superpo- 
tential 



mnSSM = hiHjiT2LE + hdHjiT2QD 

+ huQ^iT2HuU 

+ \SHjiT2Hu+tFS . (8) 



The term linear in S is induced by supergravity quan- 
tum effects from Planck-suppressed non-renormalizable 
operators in the Kahler potential and superpotential 

In Fig. [3] we plot the masses of the two lightest 
CP-even Higgs bosons Hi and H2 and the lightest CP- 
odd Higgs Ai in the mnSSM with Mh± = 5 TeV and 
Xts/t^ — (150 GeV)^. The remaining physical Higgs 
states H3 ~ 01 and A2 ^ a are heavy, of order M^± . 
For large values of A > 0.3 the lightest Higgs boson 
mass is well below the LEP limit from direct 

Higgs searches. Fig. |4] then shows the dependence of 
the 6-quark Yukawa couplings gfj_^ ^^j, and g^jf,^, for the 

above scenario. The CP-even Yukawa couplings gff_^ 
receive appreciable contributions from the tree-level 



Fig. 4. The SM-normalized couplings H\bb, H2bb and A\bb 
in the mnSSM, as functions of A, for the same model pa- 
rameters as in Fig. [3 . 



mixing of the state 0i with 02,5, which are competitive 
with the loop-induced Yukawa couplings ^f"^'^. The 
coupling 5^^^^ ~ 9asbb completely dominated by 
the 1-loop contribution For moderate values of 

A ~ 0.3, we find that 5^^^^ ~ 0.15. Moreover, the 

decay Ai bb is expected to be the dominant decay 
channel in this specific scenario of the mnSSM. 



3.2 NMSSM results 

We now turn our attention to the NMSSM. The su- 
perpotential of this model is given by 

Wnmssm = hiHjiT2LE + hdHjiT2QD 
+ huQ^iT2HuU 



\SHjiT2Hu 



(9) 



The NMSSM spectrum contains a light singlet dom- 
inated pseudoscalar if the soft trilinear couplings are 
approximately A\ ~ 200 GeV and ~ 5 GeV. This 
can be naturally arranged in gauge or gaugino medi- 
ated SUSY breaking scenarios, where these parameters 
are zero at tree level. The above scales are generated 
by quantum corrections if the gaugino masses are of 
the order 100 GeV. 

In recent years there has been some interest in 
the phenomenology of light Higgs pseudoscalars in the 
NMSSM, which may provide an invisible decay chan- 
nel for a light SM-like Higgs boson. If these CP-odd 
scalars have a large singlet component, it is possible 
for them to escape experimental bounds [15]. In Fig. [5] 
we plot the couplings of Hi to bb and of Ai to both 
bb and rr pairs for such a scenario with Mu± ~ 2 
TeV. Here Ma^ is in the range 6 ~ 9 GeV and Mh^ 
the range 120 ^ 140 GeV. The threshold corrections 
can clearly have a significant effect on the branching 
ratios of a light CP-odd singlet scalar for moderate 
to large values of A. Previous studies have considered 
detection of these particles through decays to photon 
pairs as the dominant mode [16] in the limit of vanish- 
ing singlet-doublet pseudoscalar mixing. Our analysis 
shows that this need not be the case, and the impact of 
the hadronic decays of Ai in so-called "invisible Higgs" 
scenarios should still be considered even in this limit. 



Colliders - Higgs Phenomenology 



Contributed Talk 



0.9 






H, 

(-^b*^. =.9) 


0.8 




. 


A, bb — - 

"^-^^l-— ^ A-, TT - - - - 


0.7 








0.6 








0.5 








0.4 








0.3 








0.2 








0.1 

















3 


0.1 0.2 0.3 0.4 0.5 0.6 


0.7 0.8 0.9 1 1 



Fig. 5. The SM-normalized couplings H\bb (solid line), 
Aibb (dashed line) and A\t^t~ (dot-dashed line) in the 
NMSSM, as functions of \. 

4 Conclusions 

Minimal extensions of the MSSM generically include 
singlet Higgs bosons. Although singlet Higgs bosons 
have no direct or proper couplings to the SM parti- 
cles, their interaction with the observed matter can 
still be significant as a result of two contributions. 
The first one is their mixing with Higgs doublet states, 
which is often considered in the literature. The second 
contribution is novel and persists even if the Higgs 
doublet-singlet mixing is completely switched off. It re- 
sults from tan/3 enhanced gluino, chargino and squark 
quantum effects at the 1-loop level. 

In the absence of a Higgs doublet-singlet mixing, 
the 1-loop quantum effects we have been studying here 
will be the only means by which the CP-odd singlet 
may couple to quarks and leptons. For a sufficiently 
light CP-odd singlet scalar, with a mass below the 
squark threshold, the loop-induced Yukawa couplings 
will provide its dominant decay channel into b quarks. 
This has important phenomenological implications for 
studies of the NMSSM with light pseudoscalar. 
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